Introduction
The pathway of p-oxidation consists of four reactions repeated many times over, such that poxidation of one molecule of hexadecanoyl-CoA should generate 27 acyl-CoA intermediates during its conversion into eight molecules of acetyl-CoA. The homologous nature of these intermediates formed by consecutive cycles of chain shortening would seem destined to result in competition and build-up of intermediates at each of the four steps unless a significant degree of organization was present. Thus, the lack of easily detectable intermediates [ 1, 2] in this pathway was the first evidence for organization of mitochondrial P-oxidation. It had however become apparent that the enzymes of p-oxidation consisted of 'specificity' groups, i.e. isoenzyme forms catalysing the same reaction but differing in their specificity for carbon chain length of the various acyl-CoA substrates. Exemplifying this was the mitochondrial family of matrix-located acylCoA dehydrogenases [ 31, which showed maximum activity with long-, medium-and short-chain acylCoAs. Although such families of P-oxidation enzymes might decrease the possible pool size of intermediates, they did not appear to be able to achieve the very low levels that appear to prevail in mitochondria. Because of the considerable overlap of specificities found in each of these enzyme families, it appeared that competition between homologous intermediates could still occur at each of the four constituent reactions.
It was therefore significant that a multifunctional complex was isolated from Escherichia coli containing three consecutive activities of /3- [7] activities on a single polypeptide, and similar multifunctional enzymes have been described as components of non-mitochondrial P-oxidation in microbodies from cucumber seeds [8, 9] , Cundida tropicalis [lo] and Neurosporu crussu [ 111. These findings were interpreted as indicating that multifunctional enzyme complexes were common in p-oxidation and may give functional advantages to the host organism, but were characteristic only of non-mitochondria1 pathways.
Abbreviations used: CS, citrate synthase; ECH, 2-enoylCoA hydratase; EPI, 3-hydroxyacyl-CoA epimerase; HAL), 3-hydroxyacyl-CoA dehydrogenase; ISO, 3-enoylCoA isomerase; KAT, 3-oxoacyl-CoA thiolase; MD. malate dehydrogenase; TFE, trifunctional enzyme.
Purification of mitochondrial trifunctional enzyme
The identification of a mitochondrial P-oxidation defect affecting the activity of a long-chain-specific HAD [12, 13] gave the impetus to isolate the enzyme involved. A membrane-bound HAD with long-chain specificity had been previously described, located on the inner membrane of mitochondria of rat liver [ 141 but, on purification from mitochondrial membranes, it turned out to be a heteropolymer with three enzymic activities, ECH, HAD and KAT, which all showed long-chain specificity, being inactive towards C4 substrates [15]. The long-chain-specific HAD was also isolated from human liver mitochondrial membranes [ 16,171 as a heteropolymer ( Figure 1 ) and, on purification [ 171, was likewise found to be a trifunctional enzyme (TFE) [ 18,191. Two patients have now been described where a mutation has resulted in nearly complete loss of all activity of the three components of this TFE, causing loss of most longchain ECH, HAD and KAT activity [20, 21] . Both patients died from cardiac malfunction resulting from this serious disorder. The cardiac TFE has also been isolated (from pig heart) and it appears to resemble closely the liver enzyme [22] . Typical component activities of the TFE, purified to homogeneity from adult human liver, are given in Table 1 .
Molecular properties of the mitochondrial trifunctional enzyme
The mitochondrial TFE comprises two non-identical subunits: the subunit masses of the enzymes from rat liver, human liver and pig heart are 79 and (Figure 2 ). This indicates strongly that the p (47 kDa) subunit of the human liver enzyme contains the KAT activity of the TFE complex, just as do the 42 kI)a subunits of the poxidation complexes in E. coli [24] and P. fragi 1261. The initial rate of this 'bifunctional activity' was not affected by addition of excess purified crotonase, indicating that the observed rate was limited by the HAD activity of the TFE. Thus, the activity of the HAD component of TFE, measured in the physiological direction of NADH formation, is found to equal the rate of oxidation of 2-enoyl-CoA to 3-oxoacyl-CoA (Table 1) The formation of acetyl-CoA by the above reaction sequence was detected after completion of the reaction by the production of a burst of NADH ( Figure  3a ) in the presence of malate, malate dehydrogenase (MD) and citrate synthase (CS) [34] as below
The amount of acetyl-CoA generated at the end of the reaction was dependent on the amount of 2-enoyl-CoA initially present [ 181 and no acetylCoA was formed in the absence of CoASH ( Figure   3b ). Using a modification [ 351 of the above system to give a continuous assay, the rate at which acetylCoA was formed was shown to be proportional to the amount of TFE present. The trifunctional activity of the pure human liver enzyme was found to be equal to the 'bifunctional activity' of the complex (Table l) , indicating that the HAD component of the TFE is rate-determining under our assay conditions.
Although there is some evidence for substrate channelling in multifunctional P-oxidation enzymes from E. coli [36, 37] and peroxisomes [37] , there have been no definitive experiments showing such phenomena in the mitochondria1 TFE.
W e have used the pure human liver TFE to investigate the possible control of flux through the complex by the ratio of acetyl-CoA/CoASH or the ratio of NADINADH. It has been suggested that the acetyl-CoA/CoASH ratio could be important as a controlling factor in P-oxidation in heart mitochondria [38] , and there is direct evidence that the NADINADH ratio can control B-oxidation in intact muscle mitochondria [39] . At pH 7, we found only slight ( -23%) inhibition of the flux through the TFE by high acetyl-CoA/CoASH ratios of 15-75, but the TFE rate was more sensitive to the NAD/ NADH ratio. At a fixed NAD concentration of 1 mM, the rate was hyperbolically related to the increase in the NAD/NADH ratio, with half-maxima1 stimulation being achieved at an NAD/NADH ratio of 18. This indicates that the recent observation of non-steady state accumulation of long-chain 2-enoyl-and 3-hydroxyacyl-CoA intermediates during P-oxidation [39] of hexadecanoate by intact, coupled mitochondria could result from control exerted by NADH at the level of the HAD activity of the TFE.
A new acyl-CoA dehydrogenase with specificity for long chain length has recently been isolated and purified from the inner membrane of rat liver mitochondria [40] . Thus, it is now possible to envisage the whole process of P-oxidation of long-and medium-chain acyl-CoA as taking place on three polypeptide chains within two enzymes located on the inner membrane in close proximity to complex I of the respiratory chain. This membrane-bound P-oxidation system might allow rapid flux of Poxidation and NAD regeneration to occur without accumulation of intermediates. 
